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Demand response of industrial processes generally accounts for active power, but not reactive power which
grows in importance for balancing local voltage levels in future electricity grids. We present an optimization-
based approach to integrate reactive power into demand response scheduling and derive first estimates on the
arising potentials. To this end, we extend a resource-task network scheduling model to account for the reactive
power of electrically-powered process tasks, local power converters, and the local power grid. As an illustrative
example, we study the multi-step copper production. We find a large achievable range of reactive power
provision without compromising production volume or operating cost. Furthermore, we demonstrate how
reactive power could be provided as an ancillary service by following a signal. Our results show that penalties
or additional investment in compensation devices for power factor correction can be avoided through reactive
power control of local power converters. Moreover, we demonstrate that industrial processes with sufficient
capacity can alleviate voltage problems in transmission grids. Our work therefore lays the groundwork towards
determining the reactive power scheduling potential of power-intensive production processes, and showcases
its potential support for the voltage stability of future power grids.

1. Introduction German network development plan for the year 2035 estimates that
26.4 Gvar of new controllable reactive power compensation devices
must be installed (Ubertragungsnetzbetreiber, 2021).

Nowadays, reactive power is primarily provided by conventional
synchronous power plants which can adjust their reactive power gener-
ation (PloBer, 2021). This contribution is required by grid connection
requirements that oblige these plants to provide reactive power within

specified limits. Additional reactive power can be supplied through

The energy transition leads to the decommissioning of conventional
electricity generators and the expansion of renewable energy gener-
ation, which increases local imbalances between power supply and
demand. In alternating current (AC) power systems, imbalances in
the active power, i.e., the power that can be used to perform work,
affect the system frequency, and are regulated by the transmission
system operators (TSOs) by means of balancing reserves (Eicke et al.,

2021). Imbalances in the reactive power, i.e., the non-working power
responsible for the magnetic and electric fields, correlate with the local
voltage level in the transmission grid. As reactive power transport over
long distances should be avoided due to additional losses, reactive
power compensation is required on a local level (Ubertragungsnet-
zbetreiber, 2021). It is generally expected that in the future more
reactive power provision will be needed to keep the local voltage levels
within acceptable limits (Deutsche Energie-Agentur GmbH (dena) and
TU Dortmund and ef.Ruhr GmbH, 2014). For instance, the current

bilateral contracts with specific conventional power plants or through
voltage-related re-dispatch, i.e., the adjustment of active power output
to facilitate a change in reactive power, see, e.g., Next Kraftwerke
(2023), Zhong and Bhattacharya (2002). Besides synchronous power
plants, network resources of the TSOs can provide further reactive
power, e.g., synchronous condensers, capacitor banks, high-voltage
direct current (HVDC) converter stations, phase shifters, or on-load tap
changers.
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Nomenclature

Acronyms

AC Alternating current

DC Direct current

DR Demand response

HVDC High voltage direct current
IGBT Insulated gate bipolar transistor
PCC Point of common coupling

PF Power factor

TSO Transmission system operator

Latin symbols

Electric line susceptance
Electric line capacitance
Electric line conductance
Integer variable

Active power

Price

Reactive power
Resource

Electric line resistance
Apparent power

Voltage

Square of voltage magnitude
Electric line reactance
Electric line admittance
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Continuous variable

€

u Amount of consumed resources
v Amount of produced resources
n External in- and outflow

T Duration

0 Power angle

Subscripts

i Task

k Electric bus

n Electric bus

t Discrete time step

aux Auxiliary

el Electric

est Estimated

With the decommissioning of large conventional or nuclear power
plants as part of the energy transition, alternatives for reactive power
provision have to be identified. At the same time, power-intensive
industrial plants are increasingly equipped with modern power con-
verters for variable motor control (Straits Research, 2024). Leverag-
ing these already installed power converters as distributed reactive
power resources could complement or partly replace conventional,
more expensive reactive power compensation devices. Currently, large
electricity consumers such as power-intensive industrial production
processes have to keep their reactive power demand within certain lim-
its (Bundesnetzagentur, 2018), i.e., they are not incentivized to adapt
their reactive power consumption to compensate for local imbalances in
the grid. However, the idea that flexible industrial production processes
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could provide reactive power by adapting their operation has been dis-
cussed in recent years, see, e.g., Wolgast et al. (2022), Gesamtkonsor-
tium NEW 4.0 (2021), Gesamtkonsortium NEW 4.0 (2021). Moreover,
market-based systems are planned for the provision of reactive power,
including a remuneration targeting the high-voltage grid (Blumberg
et al., 2021; Federal Ministry for Economic Affairs and Climate Action
Germany, 2023; Bundesnetzagentur, 2024).

Industrial process flexibility can be leveraged to optimize elec-
tricity consumption, i.e., by adjusting the production according to
time-varying electricity prices, which is known as demand response
(DR) (Daryanian et al., 1989). DR may help to reduce demand and
supply mismatches, can reduce the electricity cost of a process, and
is, for obvious reasons, particularly interesting for power-intensive
processes (Albadi and El-Saadany, 2008; Vardakas et al., 2015; Zhang
and Grossmann, 2016; Burre et al., 2020; Mitsos et al., 2018). Flex-
ibility as an ancillary service is incentivized by various markets, see,
e.g., Germscheid et al. (2023), Nolzen et al. (2022), Bohlayer et al.
(2020). However, the existing works focus merely on leveraging active
power. To the best of our knowledge, only the works by Plosser (Ploer,
2021) and Rauch and Briickl (Rauch and Briickl, 2023) consider the
reactive power potential of small industrial loads and industrial com-
pensation devices for the distribution grid. However, the work in Pl6er
(2021) is restricted to generic medium-voltage loads without process-
level modeling, while Rauch and Briickl (2023) focus on static compen-
sation devices and does not consider process flexibility. Importantly,
neither of these two studies takes the operational complexity of indus-
trial process scheduling into account. Bahl et al. (2017) and Baumgart-
ner et al. (2019) account for power inverters in their integrated design
and scheduling of an energy system, but they do not study the ability
of inverters to adjust reactive power.

DR of a process can be optimized by means of scheduling opti-
mization, which seeks to alter the active power consumption of the
process such that production cost are minimized while accounting for
production and process constraints, see, e.g., Albadi and El-Saadany
(2008), Vardakas et al. (2015), Zhang and Grossmann (2016), Burre
et al. (2020), Mitsos et al. (2018). In principle, scheduling optimization
could also account for the reactive power consumption and supply of
individual process tasks and the power converters in the local, i.e., pro-
cess internal, power grid, and thus enable reactive power provision.
Reactive power scheduling of industrial processes, however, has not yet
been described in the literature.

To bridge this gap, we propose to quantify the reactive power
potential of a flexible power-intensive industrial production process us-
ing scheduling optimization. Specifically, we determine the difference
between the maximum and minimum amount of achievable reactive
power, and show how reactive power could be provided as an ancillary
service by following an external signal. To this end, we consider the
reactive power of key process tasks and account for the reactive power
losses in the local electricity grid. We apply our approach to the copper
production from our prior work (Roben et al., 2022) to showcase the
evaluation of the reactive power potential of an industrial process for a
specific example, and apply the identified reactive power potential to
a simulation model of the German transmission grid.

The remainder of the paper is structured as follows: Section 2 intro-
duces our approach for reactive power scheduling of power-intensive
industrial processes which rests upon the power flow equations for
modeling the internal electricity grid and few representative reactive
power scheduling problems. In Section 3, we extend our previously
published DR model of a copper production (Roben et al.,, 2022).
In Section 4, we analyze the reactive power potential of the copper
production and the ability of the process to follow an external reactive
power signal. Moreover, we integrate the identified reactive power
potential into a German transmission grid model and study the impact
on local voltage stability. Section 5 discusses the results and presents
the limitations of this study. Section 6 concludes our work.
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Fig. 1. Power triangle depicting the relation between active power (P), reac-
tive power (Q), apparent power (S) and power angle (), adapted from Oeding
and Oswald (2016).

2. Integration of reactive power into scheduling optimization

To integrate reactive power into process scheduling optimization, we
consider the reactive power of individual process tasks (Section 2.1), the
active and reactive power of the internal power grid (Section 2.2), and
different reactive power-oriented scheduling objectives (Section 2.3).

2.1. Reactive power of process tasks

Electrical loads operating with AC power typically consume both
active and reactive power. Fig. 1 depicts the so-called power triangle
that shows the relation between the active power P, reactive power Q,
apparent power .S, and the power angle 6 (Saadat, 1999). Here, the
power factor

_ P
TP+
characterizes the ratio between active power and apparent power with
a scalar value, i.e., 0 < PF < 1, where lower values imply higher
reactive power values relative to active power. As shown in Fig. 1,
reactive power can be either inductive or capacitive. An inductive
behavior suggests a lagging power factor, i.e., the current lags behind
the voltage. In contrast, a leading power factor indicates capacitive
behavior (Saadat, 1999). In the remaining paper, we refer to inductive
behavior as consuming reactive power, and capacitive behavior as sup-
plying reactive power, i.e., a negative sign for reactive power (Oeding
and Oswald, 2016).

We account for the major electricity-consuming tasks of a process.
In the present work, we assume a linear relationship between the active
and the reactive power in the form of a fixed power factor to ensure
an overall linear problem formulation for reasons of computational
tractability of the scheduling optimization. Specifically, for a task i
with fixed power factor PF; = cos 6; and respective power angle 6;, the
reactive power Q;, at time step ¢ depending on the active power P,
can be determined as

PF =cos(0) = § €))

0;, = tan(9)P,,. (2)

The fixed power factor modeling is employed for all process tasks that
are not equipped with a power converter.

Power converters are electronic devices that transform electrical
power between different forms, such as voltage waveform, voltage
magnitude, or frequency (Mirafzal and Adib, 2020). In an industrial
process, a task operating with direct current (DC) requires an AC-
DC converter (Singh et al., 2004). Furthermore, AC-AC converters can
electrically control, e.g., the speed or torque of motors (Finch and
Giaouris, 2008). Although industrial loads are typically inductive, back-
to-back converters, such as AC-DC and AC-AC converters, allow the
grid-side current to be independently controlled, making capacitive
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operation technically feasible (Gao et al., 2021). By adjusting the phase
shift between the current and voltage waveform characterized by the
power angle 0, the power converters can flexibly consume or supply
reactive power within thermal limits, i.e., the apparent power limita-
tions of the connected lines, depending on the active power (Mirafzal
and Adib, 2020; Kroposki et al., 2010). For simplicity, we assume a
reactive power reference for the power converters, which in practice
can be implemented via higher-level control, e.g., power factor targets
or droop control (Akagi et al., 2017).

Often, specific details about the converter equipment of a particular
process are lacking in the publicly available literature. In this work, we
assume insulated gate bipolar transistor (IGBT) based power converters,
which can control both active and reactive power (Mohan et al., 2002).
In contrast, older converter types such as thyristor-based rectifiers
cannot actively provide reactive power and typically rely on external
reactive power compensation devices (Koponen et al., 2021; Ruuskanen
et al., 2020). Due to their limited reactive power capability, these older
converters are not considered in our study. For any process task i with
a power converter, the reactive power Q;, and the active power P;,
are limited by S ., i.€., the maximum apparent power of the power
converter:
0< P2 +0? <57 3)

Jt it = ~imax

Following Naughton et al. (2021) and Naughton (2022), Eq. (3) can be
linearized as follows:

P+ 01y < V25, e (4a)
Py =0, < V25, e (4b)
0< Py <8 maxs (40)
= Simax < Qiy £ Simax (4d)

meaning that active power is consumed and not produced by task i.
This assumption is valid for converters attached to tasks that handle
loads.

Note that the linearization can only be applied given that P, > 0,

2.2. Power flow of internal power grid

The internal power grid refers to the on-site electrical network
downstream of the point of common coupling (PCC), including the on-
site substation at 110kV and the medium- and low-voltage distribution
grid. The PCC is the connection point between the internal power grid
and the external superordinate transmission network. The power flow
in the internal AC power grid must be modeled in order to account for
the reactive power resulting from lines and transformers as well as the
active and reactive power at the PCC. Note that for better readability,
we disregard the time indices in the following power flow equations.

2.2.1. Exact AC OPF formulation
The AC optimal power flow (OPF) equations in the exact polar
formulation read (Frank and Rebennack, 2016):

Posc = &l Val? = Vo 1 Viel (81 €08 (6, = 1) = by sin (6, = 6,)), (5a)
O = bnk|Vn|2 =1V l Vil (gnk sin (0, — 0y) — by cos (8, — ek))’ (5b)
WV, I< V<V, (50)
Pr 40y < §:k (5d)

Here, |V,| denotes the voltage magnitude, P,, and Q,, are the active
and reactive power transfer from bus n to bus k, respectively, and
depend on the phase angle 6 and account for the parameters line
susceptance b,, and line conductance g,.. Eq. (5a) determines the
active power transfer across the line between the electric busses n and
k as a trigonometric function of the phase angles, voltage magnitudes,
and line parameters. Similarly, Eq. (5b) defines the reactive power of
the corresponding electric line. v, and 17,, in Eq. (5¢) are the lower and
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upper voltage magnitude limits, respectively. The voltage limits depend
on the given regulatory framework and usually range between +10 %
of the nominal voltage (Forum Netztechnik/Netzbetrieb im VDE (FNN),
2013). §,, denotes the apparent power limit for each line in Eq. (5d).
Note that Eq. (5) is nonconvex and thus leads to computationally
challenging optimization problems.

2.2.2. Linear distribution flow formulation

The linear distribution flow (LinDistFlow) equations are a linear
lossless simplification of the AC power flow equations (cf. Eq. (5)) for
radial medium- and low-voltage power grids (Low, 2014). We assume
that industrial processes operate with a radial grid structure due to the
simplicity and cost-effectiveness of such a structure (Love, 1993). The
LinDistFlow equations are (Low, 2014):

Y Pu=P,+P, (62)
k:in—k

Y 0x=0,,+0, (6b)
k:n—k

Wi =W, =20 Pox + X Qi) (6¢)

VP SW (V2 6d)

1Pl 410,41 < V25, (6e)

[1Pucls 10]] < [Sot Soi]- (69

with z,; = ry + X, (7a)

Vnik = zL = gk +Ibuk = G + 327 f Cp (7b)

nk

Egs. (6a) and (6b) define the active and reactive power flow from
bus n to bus k, respectively. Due to the radial structure of the network,
bus n has one definite parent bus j and possibly multiple child buses
k. Therefore, the power balance at bus » consists of the injected active
power at bus n plus the active power flow from the parent bus P,
which equals the sum of active power flow to the child buses . Eq. (6¢)
defines the voltage drops across lines using W,, an auxiliary operational
variable defined as W, = sz with limits defined in Eq. (6d). In
Eq. (6¢), the voltage drop depends on the line resistance r, and line
reactance x,.. Eqs. (6e) and (6f) represent a linear approximation for
the thermal limits of the cables and transformers based on Naughton
(2022). Egs. (7a) and (7b) define the line impedance z,; and the line
admittance y,, respectively, which allow to relate the line parameters
by and g, used in Eq. (5) to r, and x,, used in Eq. (6) (Glover et al.,
2017). In Eq. (7b), ¢, denotes the line capacitance, while j represents
the imaginary unit and f is the grid frequency, e.g., 50 Hz.

We adopt the LinDistFlow equations in the scheduling optimization
to ensure computational tractability. More accurate, nonlinear approxi-
mations of the AC power flow equations, e.g., the convex second-order
cone programming (SOCP) approximation (Baradar et al., 2013), ex-
ist. However, preliminary investigations with the SOCP approximation
have led to excessive computation time, thus we use the LinDistFlow
formulation, aiming for an overall linear optimization model.

2.2.3. Integration of reactive power losses via linear regression

Reactive power losses in the internal power grid, particularly across
transformers, are neglected in Eq. (6) but impact the overall reac-
tive power potential at the PCC. Therefore, we augment the LinDis-
tFlow equations with a linear regression model that determines Qy,,
the estimated reactive power losses in the grid, with AC power flow
simulations (cf. Eq. (5)) as described in Fig. 2.

The regression must take place before the actual scheduling op-
timization and needs representative operational data, e.g., data from
preliminary scheduling that neglects or does not need Q4. Representa-
tive schedules should include the active power Ppoc and the reactive
power Qpcc at the PCC based on realistic on/off decisions of individ-
ual process units, as these decisions impact the reactive power flows
through the internal grid.
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Table 1
Parameter values of the regression model (cf. Eq. (8)).
Parameter Value Unit
a 2.2512 Mvar
0.0297 -
0.0816 Mvar/MW

In Section 2.3, we set up and explain two scheduling problems in
detail (see Egs. (9) and (10)) that we use in the following to generate
representative scheduling data for the linear regression. Note that for
generating the data from Eq. (10), we neglect the linear regression by
replacing Opcgests PY Opcc, and removing the reactive power correc-
tion given by Egs. (10d) and (10e). The resulting schedules represent
diverse operating profiles of Opcc and the active and reactive power of
the tasks. Using exact AC power flow (cf. Eq. (5)) simulation (Gliicker
et al., 2022), we can then determine the true reactive power QOpcc exact
as well as the difference w.r.t. to Qpcc; .., Q4 = Opccexact — Qpcc-
This is followed by performing the regression step to determine the
parameters a, b, and ¢ needed to compute Q, as a linear function of
Opcc and Ppcg, ie.,

Qs =a+b-QOpcc;+ ¢ Poccy ®

Since the reactive power error depends on both active and reactive
power, both variables are included in the approximation. Specifically,
we use least squares regression from the statesmodels Python pack-
age (Seabold and Perktold, 2010), leading to the parameter values
listed in Table 1. A visual comparison between the simulation data and
the implemented linear approximation for Q, is depicted in Fig. 3.

2.3. Scheduling problems

We now derive three scheduling problems with different objectives
and slightly different constraints. Note that we use rather abstract
representations of the overall optimization problems to focus on the
main differences between the three problems.

First, we consider a conventional demand response scheduling op-
timization that aims for electricity cost minimization (Daryanian et al.,
1989). This problem neglects reactive power and can be stated in brief
as follows:

min Z Pel;s * Pecc (9a)
t
st P, =D Py (9b)
iel
Rimit < )\ R;» (90)
t
Process model constraints 9d)

Here, the electricity costs depend on the electricity price p,, and the
active power consumption at the PCC, Ppcc,, which are multiplied and
then summed over all time steps ¢ and shall be minimized. Ppcc, is the
sum of the active power over all tasks I (cf. Eq. (9b)). Active power
losses in the local power grid are neglected. Eq. (9¢) accounts for a
production constraint, i.e., the cumulative amount of product R must
be greater than or equal to a minimum production limit R;;,,;, at the end
of the scheduling horizon. Note that Rj;;; can be determined prior to
the demand response scheduling, e.g., by means of a production volume
optimization (Rében et al., 2022), thus ensuring that reactive power
provision does not compromise maximum production output. The pro-
cess model constraints in Eq. (9d) include power intake constraints,
storage and production constraints, and ramping constraints. The elec-
tricity consumption of individual process units is proportional to the
production rate, which is enforced through the material balances and
resource capacity constraints. Note that these process model constraints
must be tailored to the specific process under consideration. For an
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1. Generate preliminary schedules
without reactive power loss estimation
using (9), (10) with QA =0

\
2. Representative operational data
at PCC and for all process units

Qrco, Proc, P, Q; Vi
Pi7 szz
A

A
3. Run exact power flow simulation
using (5) based on process units scheduling
P;, Q; and internal power grid
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4. Exact power flow results with active
and reactive power at the PCC

Ppco exacts @POC exact

Qpcc, Peoo, @Poc,exact
A

‘ 5. Run linear regression model to fit ’
Qa = Qroc — QPcC,exact

Qa=a+b-Qpcc+c- Ppoc
‘QA

7. Reactive power loss estimation
Qrcoest = Qroc + Qa

/ 6. Regression coefficients of a, b, and ¢ /

Fig. 2. Flowchart for determining the regression parameters a, b, and ¢ for computing Q,, the reactive power losses in the internal grid.

® Operational data

Linear regression model

Qa in Mvar

Fig. 3. Prediction of Q, by the regression model (light blue plane) as a
function of Qpce and Py compared to the simulation data (blue dots) that
was used for the calibration of the regression model.

example, we refer to our prior work on demand response scheduling
of a copper production (Rében et al., 2022), which is briefly presented
in Section 3.1.

Second, we formulate a scheduling problem that allows to deter-
mine the reactive power potential:

max/min Z Opccests (10a)
t

s.t. LinDistFlow — Ppcc,, (10b)
LinDistFlow — Qpcc,» (10c)
OQur=a+b-Opccs+c- Pocey (10d)
Opccesty = Qpecy + Qayo (10e)
Climit = ) Pels * Pocc,s (109

t
Rijmir < Z R,, (102

t
Process model constraints (10h)

Here, we either maximize or minimize the corrected reactive power at
the PCC, aggregated over all time steps, i.e., we sum the momentary
values over the scheduling horizon (cf. Eq. (10a)). Specifically, by
subsequently maximizing and minimizing Qpcc s ,» We can quantify the
available range of reactive power, i.e., the reactive power potential.

Egs. (10b) and (10c) describe the LinDistFlow model (cf. Eq. (6))
determining the active power Ppcc, and the reactive power Qpcc, at
the PCC. They are followed by Eq. (10d), i.e., the regression model for
computing Q4 (cf. Eq. (8)), and Eq. (10e) for computing the corrected
reactive power at the PCC, Qpcc ;- We further consider a constraint
Eq. (10f) that limits the allowable electricity cost. The cost limit Cy;;;
can be based on the minimum electricity cost determined in a prior
demand response optimization (cf. Eq. (9)), similar to the production
volume constraint. This ensures that the reactive power potential is
evaluated based on the cost-optimal schedule determined beforehand,
i.e., Eq. (10f) ensures that providing reactive power does not incur
additional electricity cost. Finally, the production volume constraint
(10g) and the process model constraints (10h) are considered, identical
to the demand response scheduling optimization depicted in Eq. (9).

Third, we consider the provision of reactive power as an ancillary
service. Specifically, we assume that the industrial process shall follow
an external reactive power signal, which can be written as

min Z ‘QPCC,est,t - Qsignal,t an
t

s.t. Egs. (10b)-(10h),

which minimizes the absolute difference between the reactive power
at the PCC Opccest, and an external reactive power signal Ogonas
aggregated over all time steps ¢. To obtain a linear formulation, we
reformulate problem (11) as

min Y Ouuy (12a)
1

s.t. Qaux,t > QPCC,est,t - Qsignal,t’ (1 Zb)

Quuxs Z Dsignaty — Qpec st (120

Egs. (10b)-(10h), (124d)

by introducing the auxiliary variable Q,,, ;-

3. Copper production as an illustrative example

As a specific application for determining the reactive power po-
tential of a power-intensive industrial process, we consider the copper
production based on our prior work (Roben et al., 2022). In the follow-
ing, we briefly describe the process flowsheet, the modeling approach,
and derive assumptions about appropriate power factors (Section 3.1)
for the copper production. Subsequently, we conceptualize a possi-
ble internal power grid (Section 3.2), and explain the solution and
evaluation procedure (Section 3.3).

3.1. Copper process model

The copper production is a multi-step production process whose
flowsheet is shown in Fig. 4 (Schlesinger et al., 2011; Roben et al.,
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_________ ) Smelting 7 Converter 7 Anode furnace 4
r Ar offgas handling offgas handling offgas handling
! --| separation t i
| unit i ! -
A i e e ]
| i l
Flash N Coptptwer | Anode +| Anode | Electrolytic 9 3
furnace i matte ”| furnace ~| casting i refining
Copper converter Copper
concentrate H cathodes
1
L Slag 4 H —>  Copper-rich material streams
cleaning
funace | | | | T > Copper slag
Compressed air
Air g | »  Oxygen
compressor —-— Offgas
g Electricity consuming tasks

Fig. 4. Flowsheet of the copper production process: The copper concentrate is purified by various tasks resulting in cathode copper.

Source: The figure is adapted from Roben et al. (2022).

2022). Copper concentrate is turned into 99.99 wt-% copper by per-
forming a sequence of continuous and batch tasks. Specifically, the
copper concentrate is first melted and separated in a flash furnace.
Iron and sulfur are then removed using the copper matte converter and
anode furnace. Finally, the casted anodes are electrolytically refined.

Like in our prior work (Roben et al., 2022), we base the schedul-
ing optimization model on a resource-task network (RTN) formula-
tion (Pantelides, 1994) which is commonly used for scheduling of
multi-step processes with both continuous and batch tasks, see, e.g., for
steel plants (Castro et al,, 2013) and cement plants (Castro et al.,
2009). Note that while RTN formulations are capable of handling multi-
product plants (Barbosa-P6voa and Pantelides, 1997; Castro et al.,
2005), the present work considers a single-product plant. In the RTN
formulation, the resource balance

Ti
Rr,t =Rr,t—l + Z Z (”i,r.e Ni,t—B + Vi,r,B éi,t—ﬂ) + Hr,t’

(13a)

i€el6;=0
with  RM" <R, <RI, (13b)
VMEN, <& S VN, (13c)

constrains the quantity of resource R, considering the resources r € R.
t € T denotes a time step. The resource amount R,, is consumed or
produced by the tasks i € T or it is attributed to an external in- and
outflow II,,. A task i is associated with its specific duration 7;, and
the parameters y; ., and v;, , that specify the amount of consumed and
produced resources, respectively. In particular, the integer variable N,
and the continuous variable ¢;, define the start and extent of the task,
respectively. Eq. (13b) limits the resource by means of upper and lower
bounds er‘}i“ and R, respectively, e.g., to include storage constraints.
Eq. (13c) constrains the rate of operation by means of the limits Vl.min
and V.

The RTN formulation does not explicitly define the active power
consumption P;, of a task i at time ¢, which is required for both the
reactive power definitions (see Section 2.1) and the power flow in
the internal power grid (see Section 2.2). Hence, we extend the RTN
formulation by a definition for P, i.e.,

Ti

P,= 2 (Hipo Niso +Vipoisa)-
4=0

(14

Apart from Eq. (14), the process model follows the one from our
previous work (Roben et al., 2022; Schlesinger et al., 2011), to which
we refer for further details, most notably the specifications on the
resources, tasks, and model parameters.

The major electricity-consuming tasks of the copper production are
the air separation, the air compression, the electrolytic refining, the
offgas handling, and the slag cleaning (Schlesinger et al., 2011). We

distinguish between tasks that are driven by a motor and tasks that
operate with a converter.

Tasks driven by electrical motors include the air separation, the air
compression, and the offgas handling of the anode furnace. 90% of
the power consumed by the air separation is for air-fed compressors
that are driven by electrical motors (Kromer and Golubev, 2023; Aneke
and Wang, 2015). The smelting section demands a significant amount
of compressed air for the flash furnace, the copper matte converter,
and the anode furnace (Roben et al., 2022). The air compressor uses
electricity to operate its motors. The purification of the offgas of the
anode furnace requires aspiration and passage through fans driven by
electrical motors (European Commission, 2022). For all motor-driven
tasks, we assume a fixed power factor of 0.88 as suggested by Cresswell
(2009) for large industrial motors. While constant power factors do
not capture voltage-dependent or time-varying reactive power behavior
of real loads, a fixed power factor model is considered to maintain a
linear problem formulation. For the slag cleaning, the electrodes in the
furnace generate heat (Schlesinger et al., 2011). Although modern slag
cleaning furnaces can run on DC (Ko6nig et al., 2016), we consider an
older furnace that runs on AC with a power factor of 0.93 (Barker
and Stewart, 1980) to obtain a rather conservative estimate of the
reactive power potential of the copper production. Table 2 summarizes
the power factors.

Tasks equipped with a power converter include the electrolytic
refining and the offgas handling of the flash furnace and the copper
matte converters. The electrolytic refining requires electricity to drive
the reaction and to maintain the operating temperature of the elec-
trolysis cell. The cells require DC (Schlesinger et al., 2011), i.e., the
task must be connected to the local AC grid via an AC-DC converter.
In the offgas handling, sulfur dioxide is removed and a mechanical
electrostatic precipitator removes dust from the gas stream (Schlesinger
et al., 2011). The precipitator utilizes DC electrodes to create an electric
field gradient (Schlesinger et al., 2011) and thus we assume an AC-DC
converter for this task, too.

3.2. Power grid model

We assume a radial network, a common topology in medium-
voltage and low-voltage networks (Abeysinghe et al., 2018; Love,
1993), allowing us to apply the LinDistFlow equations. If the internal
network were meshed, the LinDistFlow approach would no longer be
suitable, and a computationally more expensive OPF formulation would
be required, accounting for reactive power and voltages. Within the
internal radial network, we size the lines and the transformers such that
they can handle the maximum possible apparent power to avoid line
or transformer overloading. Furthermore, we assume that the internal
power grid is connected to an external high-voltage network at 110kV,



P. Gliicker et al.

Table 2

Computers and Chemical Engineering 208 (2026) 109591

The assumed power factors for the major electricity-consuming tasks of the copper production.

Power factor

Power converter Reference

Task Electricity-consuming component

Air separation Motor-driven compressor 0.88
Air compression Motor-driven compressor 0.88
Anode furnace offgas handling Motor-driven fan/ventilator 0.88
Slag cleaning Electrodes 0.93
Electrolytic refining Electrolysis -

Smelting & converter offgas handling Electrostatic precipitator -

- Kromer and Golubev (2023), Aneke and Wang (2015),
Cresswell (2009)

- Kromer and Golubev (2023), Aneke and Wang (2015),
Cresswell (2009)

- European Commission (2022), Cresswell (2009)

- Barker and Stewart (1980), Schlesinger et al. (2011),

Konig et al. (2016)

Schlesinger et al. (2011)

Schlesinger et al. (2011)

AC-DC converter
AC-DC converter

Table 3

Voltage level assumptions and maximum active power of the tasks.

Task Voltage level

Maximum active power
(Roben et al., 2022)

Air separation

Air compression

Electrolytic refining

Slag cleaning

Smelting offgas handling
Converting offgas handling
Anode furnace offgas handling

10kV (VEM Motors Finland, 2021; Moore, 1974)

10kV (VEM Motors Finland, 2021; Moore, 1974)

0.4kV (Schlesinger et al., 2011)

0.1kV (Schlesinger et al., 2011)

20kV (Turner et al., 1988)

20kV (Turner et al., 1988)

0.4kV (Unified Facilities Guide Specifications (UFGS), 2020)

11.2MW
5.8 MW
15.2MW
3.0MW
9.6 MW
20.9 MW
1.7 MW

a common voltage level for the PCC between industrial processes and
a superordinate grid (Ausfelder and Seitz, 2018).

We account for different voltage levels of the electricity-consuming
process tasks which are taken from the literature (see Table 3). Based on
the voltage levels, we create the radial topology of the internal power
grid that is depicted in Fig. 5. We assume that the external network
at 110kV is connected to the process via two local transformers at
20kV and 10kV, respectively. The tasks operating at a lower voltage
are connected via additional transformers down to 0.4kV and 0.1 kV.

Table 3 lists the maximum active power of each task, which allows
us to derive the line and transformer parameters of the internal power
grid which are listed in Table A.1 of Appendix A. The cables and
transformers are based on standard values which can be found in the
standard type library of pandapower (Thurner et al., 2018) for the
respective voltage level. In cases where the maximum power of the elec-
trical components is not sufficient, we assume a parallel arrangement
of multiple components, leading to an increased apparent power. Note
that the values given in Table A.1 are absolute values of the resistance
R, the reactance X, and the capacitance C,,. They can be converted
to the per-unit system used in Egs. (5), (6), (7a) and (7b) via

Fnk = Rnk/Zbase’ (15a)
Xnk = Xnk/zbase’ (15b)
Chk = an/Zbasx37 (15C)

with Z,,.. representing the assumed base impedance of 100 2. For fur-
ther information on the per-unit system, the reader is referred to Frank
and Rebennack (2016), Glover et al. (2017).

3.3. Solution and evaluation approach

The scheduling problems (9), (10), and (12) are mixed-integer linear
programs (MILPs), with the integer variables indicating the startup
decisions of the process units. To determine the production volume
and electricity cost limits appearing in these problems, we perform a
production volume maximization and an electricity cost minimization
prior to the scheduling, following our previous works (Roben et al.,
2022; Germscheid et al., 2023). To estimate the reactive power losses
0, in the internal grid ahead of the actual scheduling optimization, we
first derive a linear approximation following the procedure described
in Section 2.2.3. This linear power flow model is then incorporated
into all scheduling optimizations. Finally, based on the determined

schedule, the exact active and reactive power at the PCC is computed
through a nonlinear power flow simulation (Gliicker et al., 2022)
during post-processing.

All scheduling optimizations are performed on a 1.8 GHz Intel Core
i7-1265U CPU with 32GB of RAM using Gurobi 11.0.2 (Gurobi Op-
timization, LLC, 2024). The MIP gap is set to 1%. We assume 5%
oversizing for the power converters, i.e., we set the maximum apparent
power of a power converter to S; ;o = 1.05- P, 1,y in Eq. (3) with P, .y
according to Table 3. In the following presentation of results, we show
the exact reactive power at the PCC as determined by the AC power
flow equations.

4. Results

For the assessment of the reactive power potential of the copper
production, we consider three different operating strategies: schedul-
ing neglecting reactive power (Section 4.1), scheduling evaluating the
achievable range of reactive power (Section 4.2), and scheduling fol-
lowing an external reactive power signal (Section 4.3). In Section 4.4,
we evaluate the impact of the reactive power provision on the German
transmission grid. To this end, we use a simulation model of the
German electricity system from our prior work (Pesch, 2019) which
integrates a detailed model of the European electricity market and the
German transmission grid.

4.1. Scheduling neglecting reactive power

We first consider an operation of the copper production that solely
accounts for active power and thus neglects the reactive power in
the scheduling optimization. Specifically, we consider the optimization
problem Eq. (9) that minimizes the electricity cost.

The active power demand, reactive power demand, and the result-
ing overall power factor of the process are depicted for the cost-optimal
schedule in Fig. 6. Note that for tasks with converters (cf. Table 2),
we assume a power factor of 1 in the evaluation of the schedule,
i.e., reactive power is neither produced nor consumed by the respective
task. As intended, the active power demand is lower when electricity
prices are high and higher when prices are low. As a consequence
of the fixed power factors, the reactive power demand is generally
similar to the active power demand. However, due to the varying
operation of the tasks with different power factors, the overall power
factor varies between values of 0.92 and almost 1. Occasionally, the
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Fig. 5. Internal power grid of the copper process with radial network structure. The tasks highlighted in yellow are tasks equipped with a power converter. The
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Fig. 6. Cost-optimal scheduling of the copper production neglecting reactive power and assuming a power factor of 1 for all power converters. The results are
obtained from a nonlinear AC power flow simulation (Gliicker et al., 2022), using the cost-optimal schedules as inputs: Electricity price profile (top), active
power demand (top-center), reactive power demand (bottom-center), and power factor at the PCC (bottom). The gray areas indicate violations of a German grid
connection requirement stating that the power factor at the PCC must not fall below 0.95 (Bundesnetzagentur, 2018).

power factor drops below the value of 0.95 which consumers connected
to high voltage, e.g., industrial production processes, are required to
maintain in Germany (Bundesnetzagentur, 2018). Such violation of
grid requirements usually occurs during hours of rather low active
power demand. As we show in Appendix B, during these times only
the slag cleaning furnace with its power factor of 0.93 is operating. In
combination with the reactive power consumption of the connecting
low-voltage transformer, the process power factor drops slightly below
0.92. To avoid penalties by the TSO, local compensation devices such as
capacitor banks would be installed (Penalvo-Lépez et al., 2021). These
additional investment costs could be avoided by reactive power control
of local power converters, as demonstrated in the following.

4.2. Evaluating the reactive power potential

We now assume that the local power converters (cf. Table 2) can
be operated within the stated limitations of Egs. (4a)—(4d) and thus
constitute degrees of freedom with respect to reactive power provision
in scheduling optimization. Specifically, we minimize and maximize
the reactive power at the PCC while ensuring both maximum copper
production and minimum electricity cost (cf. problem (10)).

Fig. 7 shows the resulting margin of reactive power which we
define as the difference between the maximum and minimum obtained
reactive power values at any given point in time and refer to as
the reactive power potential of the process. Furthermore, minimum,
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Fig. 7. Reactive power potential of the copper process: The minimum and maximum reactive power (top) are obtained from a nonlinear AC power flow
simulation (Gliicker et al., 2022), using the solved scheduling Eq. (10) as inputs. The hashed area corresponds to the reactive power potential. The active
power (center) and power factor (bottom) corresponding to the minimum and maximum reactive power schedules are indicated. Note that the power factor for
minimum reactive power (blue) always corresponds to capacitive behavior, and the power factor for maximum reactive power (purple) always corresponds to

inductive behavior.

maximum, and average values for minimizing and maximizing the
reactive power as well as the reactive power potential of the copper
process are listed in Table 4. Note that a positive reactive power
suggests that the industrial production process has inductive behavior,
i.e., it consumes reactive power. In contrast, a negative reactive power
indicates that the industrial production process has capacitive behavior,
i.e., it produces reactive power. The range between capacitive and
inductive power factors for each time step shows that with the reactive
power control of local converters, penalties by the TSO or additional
investment in compensation devices can be avoided without additional
operating costs. In both Fig. 7 and Table 4, the absolute values of
the maximum reactive power, i.e., the maximum consumed reactive
power, are significantly higher than that of the minimum reactive
power, i.e., the maximum produced reactive power. Converter-based
tasks can both consume and produce reactive power. In contrast, the
tasks with fixed power factors and the transformers always consume
reactive power. Thus, the reactive power consumption is larger than
the reactive power production. Furthermore, Fig. 7 and Table 4 reveal
a significant reactive power margin suggesting a substantial potential
for reactive power provision by the copper production.

In addition to the reactive power profile, Fig. 7 shows the active
power profile and the resulting power factor. It reveals that the active
power varies slightly for the schedules that maximize and minimize
the reactive power, indicating different process operations (for further
details see Appendix C of the supporting materials). Furthermore, it
shows that the power factor can vary between 0.2 and 1, with the
power factor associated with minimizing the reactive power indicating
capacitive behavior, i.e., supply of reactive power, and the one asso-
ciated with maximizing reactive power indicating inductive behavior,
i.e., consumption of reactive power.

The identified average reactive power potential amounts to
72.1 Mvar (cf. Table 4). It can be related to the required new installations
of reactive power compensation devices to stabilize the power grid.
By 2035, Germany is projected to require additional 87 controllable
reactive power compensation devices, each with an average size of
300Mvar (Ubertragungsnetzbetreiber, 2021). In approximate terms,
four industrial processes of the size of the investigated copper production

Table 4

Quantification of the reactive power potential: The maximum and minimum
reactive power (first two lines) are obtained from a nonlinear AC power flow
simulation (Gliicker et al., 2022), using the solved scheduling problem (10) as
inputs. The reactive power potential (third line) is the difference between the
momentary maximum and minimum reactive power.

Minimum value  Maximum value  Average value

Maximum reactive power  41.2Mvar 60.0 Mvar 49.8 Mvar
Minimum reactive power —43.7 Mvar —5.8 Mvar —22.4Mvar
Reactive power potential 47.9 Mvar 100.5Mvar 72.2Mvar

could replace one such compensation device. However, the total
controllable reactive power compensation requirement of 26.4 Gvar
for Germany is further divided into 25 regions, each with its own
specific compensation needs (Ubertragungsnetzbetreiber, 2021). The
average reactive power potential of the copper process could meet
about 2 % of the installation requirement in the region with the highest
compensation requirement (region D24 in central Germany), and up to
58% in the region with the lowest compensation requirement (region
D77 in southwest Germany). Section 4.4 demonstrates the impact of
the identified reactive power potential of the copper production on
the voltage stability of the German transmission grid in region D25 in
southern Germany. In this region, around 5% of the required reactive
power compensation could be provided by the identified potential.
Note that the presented reactive power potential constitutes a rather
conservative estimate, as it considers power converters for DC-based
process units only and not for AC-based units, which in principle could
be equipped with AC-AC converters resulting in additional reactive
power potential. For a more detailed assessment of the approximation
error introduced by the linearized power flow approximation, we refer
the reader to Appendix D.

We envision that in a future market design, industrial processes
would be remunerated for providing reactive power. However, despite
plans for a reactive power market, no asking prices are available
in the literature yet. Thus, we perform a rough calculation based
on current bilateral agreements, which range from 0.08€/Mvarh to
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Fig. 8. Reactive power provision by following an external signal: The negative and positive values of the signal (dashed green line) are chosen based on the

average minimum and maximum reactive power in Table 4.
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Fig. 9. Difference in reactive power at the PCC between the scheduling optimization model and the exact AC power flow equations. The schedule is identical to

the one depicted in Fig. 8.

2.27 €/Mvarh (Bundesnetzagentur, 2018). Assuming the higher end of
that range (2.27 €/Mvarh) and assuming that the process continuously
provides its average minimum reactive power of —22.4 Mvar, (the
requirement of capacitive reactive power exceeds that of inductive
reactive power in Germany (Ubertragungsnetzbetreiber, 2021)), the
potential remuneration would amount to approximately 8.5k€ per
week, compared to electricity costs of 265k€ per week. This rough
calculation indicates the additional revenue potential for industrial
processes that provide reactive power.

4.3. Reactive power provision by following an external signal

We now examine the provision of reactive power as an ancillary
service. As publicly available information about plans for incorporat-
ing reactive power as a market-based ancillary service in Germany
is very limited, we pragmatically assume that the industrial process
plant will receive an external signal for reactive power provision. The
reactive power signal might be based on local voltage measurements
and applied within an automatic voltage-control scheme, coordinated
by the TSO. As a specific illustrative case, we assume a signal that is
piece-wise constant and has three possible values: zero, the average
minimum reactive power of the copper production, and the average
maximum reactive power of the copper production (cf. Table 4). The
duration of the steps is determined by arbitrary choice but adheres to
the chosen time discretization, i.e., the signal can only change its value
at the time steps considered in the scheduling problem. To schedule the
operations of the process such that the reactive power signal provided
by the TSO can be tracked, we solve the optimization problem (12),
i.e., we minimize the difference between the external signal and the
reactive power at the PCC while ensuring maximum copper production
and minimum electricity cost.

The resulting reactive power profiles of the process are depicted
in Fig. 8. It can be seen that the signal can be followed quite closely
most of the time, with few larger deviations. Specifically, deviations
from the positive- or negative-valued external signal happen when
tasks equipped with a power converter are operating at their maximum
active power consumption, which limits the reactive power provi-
sion due to the maximum apparent power limit of the converters (cf.
Egs. (4a)-(4d)). Fig. 8 also shows slight deviations for reactive power
target values of zero. We attribute these deviations to inaccuracies
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introduced by the regression model for approximating the AC power
flow in the internal grid (cf. Section 2.2). Fig. 9 shows the difference
between the true reactive power at the PCC, which is computed with
the AC power flow equations, and the correction factor obtained from
the regression model which is used for the scheduling. It can be
observed that for a zero-valued or negative-valued signal, the difference
is mostly negative, whereas for large positive-valued reactive power
demand, differences are mostly positive.

4.4. Impact of reactive power provision on transmission grid

In the following section, we analyze the potential of industrial
processes, such as the copper process presented, to enhance the voltage
stability of the transmission grid by providing reactive power at the
PCC. To conduct the analysis, we use the models of the German
electricity system developed in prior work (Pesch, 2019), which include
detailed representations of the European power market and the German
transmission grid. The models, along with the necessary adaptations for
this analysis, are outlined in Appendix E.

The scenario selected for the analysis describes a strong wind and
high load hour as expected for the year 2025 (see Appendix B.3 in Pesch
(2019)). In this critical use case, onshore and offshore wind turbines in
northern and eastern Germany inject large amounts of electricity into
the grid to supply a high power demand, mostly located in western
and southern Germany. This results in some heavily loaded power
lines along the north-south axes. In contrast to the original scenario,
HVDC transmission lines, whose converter stations could significantly
contribute to voltage stability, have been deactivated as they are not
fully built and operational by 2025. The reactive power demand (from
lines, transformers, and loads) is therefore covered by the conventional
generation units operated in the grid.

Fig. 10 presents AC load flow calculations across three scenarios,
each with different levels of reactive power provision from the copper
process, to assess its voltage support potential.

In the base case (Fig. 10 (a) and (b)), the voltage conditions are ana-
lyzed without additional reactive power from industrial processes. The
simulation results show notable voltage variations, with stable voltages
in power generation areas (e.g., northern and eastern Germany) and
significant voltage drops in areas with limited generation. Grid nodes
within the marked area are particularly critical, as their voltage levels
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Fig. 10. Impact of varying reactive power provision on the voltage stability of the German transmission grid in a scenario with strong wind power feed-in and
high load. Panel a. shows the load flow simulation for the base case without reactive power provision by industrial processes, while panel b. presents an excerpt
of this scenario. Panel c. illustrates the effect of a 43.7 Mvar reactive power provision by an industrial process at the node Bamberg/Nord, and panel d. shows

the impact of a 437 Mvar reactive power provision at the same node.

drop below the minimum permissible thresholds, thus indicating an
unstable grid situation. As noted in Section 4.2, these nodes belong
to the region D25, which requires additional controllable reactive
power compensation of 1516 Mvar (Ubertragungsnetzbetreiber, 2021).
This highlights the need for additional measures to stabilize the grid,
particularly in regions with high loads and limited local generation. Fig.
10 (c) depicts a scenario where an industrial process at the 110kV node
Bamberg/Nord provides up to 43.7 Mvar of reactive power, as derived
in Section 4.2 for the copper process. The results show a slight improve-
ment in voltage conditions, though the effect remains limited. A modest
voltage increase is observed at surrounding nodes, but it is insufficient
to bring voltages across the entire grid area within the permissible
range. Finally, Fig. 10 (d) shows the impact of increasing reactive power
provision at the 110kV node Bamberg/Nord to 437 Mvar, assuming
the availability of ten such industrial sites. This significant increase
substantially improves the voltage conditions, raising the voltage at
the critical node into the permissible range and stabilizing voltages at
surrounding nodes.

This analysis demonstrates the potential of industrial processes to
enhance grid stability by mitigating voltage issues through reactive
power provision, provided sufficient capacity is available.

5. Discussion and limitations

With this first-of-its-kind integration of reactive power into process
scheduling optimization, our study indicates a significant potential for
power-intensive industrial production to aid local grid voltage stabil-
ity. However, quite significant simplifications and assumptions had
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to be made in our study due to the lack of more detailed, publicly
available data, a yet missing reactive power market for industrial
power consumers, and the desire to obtain a computationally efficient
linear formulation. In the following, we discuss the limitations of our
assumptions and identify future possible research directions.

(1) We assumed fixed power factors for the electrical loads of tasks
without a power converter to maintain a linear problem formulation. As
the next step, the trade-off between model accuracy and computational
complexity could be investigated by considering more realistic load
models with variable power factors, see, e.g., Cresswell (2009), Perez
Tellez (2017).

(2) We derived an internal power grid based on the voltage levels
and active power consumed by the process tasks. Future studies should
incorporate accurate information about the internal power grid and the
installed equipment, most notably the power converters and their po-
tential oversizing, which likely requires collaborations with industrial
partners, ensuring a rigorous assessment.

(3) The planned implementation of a reactive power market (Netz-
transparenz.de, 2024; Bundesnetzagentur, 2024) will enable an assess-
ment of remuneration and thus a better quantification of reactive power
provision value. The additional revenue of reactive power provision
could be considered along with revenues from offering demand re-
sponse in a multi-market problem, see, e.g., Nolzen et al. (2022), Dalle
Ave et al. (2019), Schéfer et al. (2019), Zhang et al. (2018), Gliicker
et al. (2025). In this context, the willingness of industrial stakeholders
to participate in reactive power markets could be empirically assessed,
considering factors such as remuneration, user-friendliness, and impact
on their process operations.
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Process Task

Main electrical component

Reference

Cement production Limestone crushing
Raw meal milling
Raw meal blending
Raw meal preheating
Clinker cooling

Cement grinding

Electric motor/induction motor
Electric motor/induction motor
Compressor/blower

Fan

Fan

Electric motor/induction motor

Deolalkar (2021), Geng (2016)
Deolalkar (2021), Geng (2016)
Deolalkar (2021)
Deolalkar (2021)
Deolalkar (2021)
Deolalkar (2021), Geng (2016)

Steel production Electric arc furnace process

Steel rolling

Electrodes (DC)

Pisciotta et al. (2022)

Electric motor Singh and Singh (2023)

Pulp and paper production Kraft pulp mill process

Electric motor® Nilsson et al. (1995)

2 For pumps, fans, compressors and mixers.

(4) We suggested, as a first approach, a linear approximation of
the internal power flow in addition to the LinDistFlow equations to
ensure computational efficiency while considering the reactive power
losses within the internal grid. Future research could explore iterative
approaches between (i) scheduling optimization with a (linear) approx-
imation of the AC power flow and (ii) AC power flow simulations, until
a defined convergence is reached. This iterative optimization formula-
tion could enable computationally efficient scheduling and ensure the
preciseness of the achievable reactive power.

(5) We considered the copper production process as an industrial
case study to show the reactive power potential of a power-intensive
industrial production process. Future work could extend the presented
methodology to assess the reactive power potential of other industrial
production processes. As a possible starting point, a non-exhaustive list
of major power-intensive production processes, i.e., cement, steel and
paper production, with important tasks and electrical components can
be found in Table 5. In particular, the overview considers important
tasks and their functionality from an electrical perspective, which
allows to derive power factor assumptions for future investigation.

6. Conclusion and future research

We present an approach for integrating reactive power into process
scheduling optimization, which allows us to determine a first estimate
of the reactive power potential of a specific power-intensive process.
To this end, we adapt our previous demand response scheduling for-
mulation (Roben et al., 2022) to include the reactive power of key
electricity-driven process tasks as well as the internal power grid.
In particular, we include tasks that are equipped with local power
converters that can adjust their reactive power and thus constitute an
important lever in reactive power provision.

As we demonstrate by the example of the copper production, con-
ventional demand response scheduling neglecting reactive power risks
that the power factor at the point of common coupling (PCC) occa-
sionally drops below the current regulatory limit in Germany. This
finding shows that consideration of reactive power is important when
shifting load. Our investigation of the achievable reactive power at
the PCC indicates a significant reactive power potential that can be
accessed without sacrificing the overall copper production volume and
the electricity cost of the process. This result suggests a significant
potential for the copper production to provide reactive power. As-
suming that the provision of reactive power as an ancillary service
would require the ability to follow an external signal, we show that
the scheduling optimization can do so and produces only relatively
small tracking errors. We further demonstrate by means of a simulation
model that large industrial processes providing reactive power could
alleviate voltage problems in the German transmission grid.

For future research, we identify five possible directions: (1) ad-
vancing the modeling detail with regard to reactive power, (2) deter-
mining incentives and remunerations for the industry to provide reac-
tive power, (3) understanding future requirements of reactive power
from the perspective of the transmission system operator (TSO), (4)
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enabling provision of reactive power by computationally efficient real-
time scheduling, and (5) analyzing the reactive power potential of other
major industrial processes.
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Table A.1
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Line parameters of the internal grid: The line parameters account for the point of common coupling (PCC), the smelting offgas handling (SOH), the converter
offgas handling (COH), the anode furnace offgas handling (AFOH), the air separation unit (ASU), the slag cleaning furnace (SCF), the air compressor (AC), and
the electrolytic refining (EF). Electric buses at the respective voltage level are considered, e.g., Bus 20kV, as well as buses that are connected to a task via an
additional transformer for a lower voltage level, e.g., Bus EF for the electrolytic refining. The transformers and cables are characterized by the maximum apparent

power S,,, the resistance R,,, the reactance X,,, and the capacitance C,,.

nk>

Electric bus n (from) Electric bus k (to)

Bus name Voltage level Bus name Voltage level Type S R, [Q] X, [€] C,. [nF]
Bus PCC 110kV Bus 20kV 20kv Transformer 63MVA 8x10—° 0.0045 0
Bus PCC 110kV Bus 10kV 10kv Transformer 63MVA 8x10—° 0.0045 0
Bus 20kV 20kV SOH 20kV Cable 26 MVA 0.025 0.046 400
Bus 20kV 20kV COH 20kV Cable 23.5MVA 0.019 0.034 1200
Bus 10kV 10kv Bus AFOH 10kV Cable 8.15MVA 0.15 0.3 561
Bus AFOH 10kv AFOH 0.4kVv Transformer 2.5MVA 0.428 1.529 0
Bus 10kV 10kV ASU 10kV Cable 16.3MVA 0.025 0.05 187
Bus 10kV 10kv AC 10kv Cable 8.15MVA 0.05 0.1 187
Bus 10kV 10kv Bus SCF 10kv Cable 8.15MVA 0.025 0.05 187
Bus SCF 10kV SCF 0.4kv Transformer 3.8MVA 0.286 1.019 0
Bus 10kV 10kv Bus EF 10kV Cable 32.5MVA 0.025 0.0125 748
Bus EF 10kv EF 0.1kv Transformer 18.9MVA 0.0857 0.306 0

Appendix A. Internal power grid

The values for the electrical parameters of the internal power grid
are listed in Table A.1.

Appendix B. Scheduling optimization neglecting reactive power

In Section 4.1 of the main text, we discuss the scheduling opti-
mization neglecting reactive power. In particular, we show that for
certain time steps, the power factor drops below 0.95. Fig. B.1 shows
the individual task operation over the respective scheduling horizon.
Time steps with a power factor below 0.95 correspond to time steps
during which only the slag cleaning task with its power factor of 0.93
is operating.

Appendix C. Reactive power potential

In Section 4.2 of the main text, we discuss the reactive power
potential, i.e., the difference between the minimum and maximum
achievable reactive power. Our results suggest that the minimum and
maximum reactive power optimizations lead to slightly different sched-
ules, i.e., slightly different momentary consumption of active power.
Fig. C.1 shows the task operation over the scheduling horizon for both
schedules in detail and confirms that the process operations are slightly
different.

Appendix D. Accuracy of linear heuristic

In Section 4.2 of the main text, we identify the reactive power poten-
tial of the industrial process by maximizing and minimizing the reactive
power at the PCC. The presented results are based on an ex-post non-
linear power flow simulation which takes the exact AC OPF equations
into account. Fig. D.1 presents the difference between LinDistFlow,
the linear approximation model, and the exact AC OPF equations.
The results show that the linear approximation significantly reduces
the reactive power deviation from the nonlinear AC OPF approach
compared to LinDistFlow.
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Appendix E. Modeling of the European power market and the Ger-
man transmission grid with the integration of the reactive power
potential of industrial processes

The employed power market model developed in Pesch (2019)
considers dispatch planning on several time scales: from a one-year
planning period for revisions to day-ahead optimization, which deter-
mines the balance of electricity generation, consumption and the use
of flexibility options on an hourly basis. Technical constraints such
as minimum and maximum up and down times, part-load efficien-
cies, start-up processes and the provision of balancing capacity are
taken into account. The employed transmission grid model developed
in Pesch (2019) represents the German high and extra-high voltage
grid (110-380kV) and is based on real grid data provided by the
German Federal Network Agency (Bundesnetzagentur), which has also
been used for the official German Grid Development Plan (Ubertra-
gungsnetzbetreiber, 2012). Since the original purpose of the model was
to determine the grid expansion requirements based on current-related
rather than voltage-related criteria, fictive reactive power compen-
sation was modeled throughout the entire German transmission grid
(cf. Ubertragungsnetzbetreiber (2012)). However, for the analysis in
this paper, these compensations were limited to the boundaries re-
quired for the convergence of the model, allowing voltage differences
to be observed across the different scenarios. The integration of the
flexible reactive power provision of the industrial process into the
transmission grid model is depicted in Fig. E1. The reactive power
provision of the industrial process plant Q must be within the maximum

reactive power value Q and the minimum reactive power value

max
Onmin as identified in Table 4. It is integrated as an external ward with
the equivalent reactance X., and no active power, while its voltage
magnitude |U,,| must be within its upper operating limit of 121 kV that

is assumed for 110kV nodes.

Data availability

Data will be made available on request.
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Fig. B.1. Detailed results for scheduling that neglects the reactive power (cf. Section 4.1 of the main text) (top) and corresponding power factor of the entire
process (bottom). The gray areas indicate violations of the current German grid connection requirement that states that the power factor at the PCC must not
fall below 0.95 (Bundesnetzagentur, 2018).
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Fig. C.1. Detailed scheduling results for maximization (top) and minimization (bottom) of reactive power (cf. Section 4.2 of the main text).
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Fig. D.1. Reactive power and difference between exact nonlinear simulation (AC OPF), LinDistFlow with the linear approximation (Linear approximation), and
LinDistFlow without an additional approximation (No approximation). The solid lines represent maximum reactive power schedules, and the dashed lines represent

minimum reactive power schedules.
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Fig. E1. Modeling of the reactive power provision by the industrial process
at the point of common coupling.
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